Background {#Sec1}
==========

In the past few decades, organic electrically bistable devices have attracted much attention due to their potential applications in the next generation of nonvolatile memory technology \[[@CR1]--[@CR3]\]. To date, various candidates have been exploited to be used in electrically bistable devices, in which hybrid inorganic/organic nanocomposites have currently aroused broad interests due to their simple fabrication and low cost \[[@CR4]--[@CR6]\]. In general, the hybrid organic/inorganic nanocomposites are formed by dissolving colloidal inorganic nanocrystals and polymers into organic solvent to form a homogeneous phase. A typical device structure for the hybrid organic/inorganic bistable device is a single nanocrystal/polymer hybrid layer sandwiched between two electrodes, in which the hybrid layer is formed by using a simple spin-coating method. Substantial research efforts in the exploitation of inorganic nanocrystals have led to the applications of different types of inorganic nanocrystals in the fabrication of hybrid organic/inorganic bistable devices, such as II-VI group semiconductors, noble metals, and graphene and metal oxide nanocrystals \[[@CR7]--[@CR9]\]. Recently, our group reported some electrically bistable devices based on dodecanethiol-capped Cu~2~S, hybrid silver sulfide (Ag~2~S), and Ag nanocrystals blending with conjugated polymer, and obvious electrical bistability and negative differential resistance (NDR) effects were clearly observed. Although some different resistive switching mechanisms, such as charge trapping \[[@CR10], [@CR11]\], redox reaction \[[@CR12]\], and metallic filament conducting \[[@CR13], [@CR14]\], have been brought out to elucidate the charge transport process, the resistive switching mechanism is still under debate. Therefore, there is no end to study the working mechanisms of the electrically bistable devices based on organic/inorganic nanocomposites. In our previous work, an obvious electrical bistability was observed in the hybrid organic/inorganic nanocomposites \[[@CR15]\], but the environmental gas effects on the electrical bistability and working mechanism were not discussed. Based on our previous work, herein, the effects of environmental gas on the electrical bistability of the devices were studied, and the devices were fabricated based on hybrid organic/inorganic Ag~2~S/poly(*N*-vinylcarbazole) (PVK) nanocomposites through a simple spin-coating technique. The current-voltage (*I*-*V*) characteristics of the hybrid electrically bistable devices exhibit a strong dependence on the oxygen concentrations, in which the current of ON and OFF states changes with the measurement atmosphere variation from N~2~ to air. On the basis of the experimental results, different organic electronic models were employed to describe the carrier transport of the electrically bistable devices.

Methods {#Sec2}
=======

The Ag~2~S nanocrystals were synthesized using a simple heating-up method based on our previous work \[[@CR16]\], in which direct heating of the mixture containing Ag(OAc) and dodecanethiol to 200 °C for a certain time under N~2~ protection condition is performed. The hybrid electrically bistable devices based on Ag~2~S/PVK nanocomposites were fabricated on a cleaned glass substrate pre-coated with an indium-tin-oxide (ITO) anode, and then the poly(3,4-ethylenedioxythiophene):poly-(styrene-sulfonate) (PEDOT:PSS) was spin-coated onto the substrate as a buffer layer and then annealed at 150 °C for 15 min. Afterwards, the hybrid thin film was formed by using a spin-coating technique, in which the Ag~2~S nanocrystals were randomly dispersed in the PVK layer with the mass ratio of Ag~2~S to PVK being 1:1. Finally, a top Al layer with a thickness of 200 nm was deposited by thermal evaporation under the vacuum of about 1 × 10^−6^ Torr. The schematic illustration of the device structure and the molecular structure of PVK is shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Device structure of the electronically bistable devices and the molecular structure of PVK (*left*) and HRTEM images of the as-obtained Ag~2~S nanocrystals (*right*)

High-resolution TEM images were performed on a JEM-2010 with an acceleration voltage of 200 kV. The *I*-*V* characteristics of the devices were measured by using a Keithley Source Meter 2410 controlled by a computer. All the measurements were carried out under ambient conditions at room temperature.

Results and Discussion {#Sec3}
======================

Figure [1](#Fig1){ref-type="fig"} depicts a typical high-resolution transmission electron microscopy (HRTEM) image, and it can be seen that the morphology of the as-obtained Ag~2~S nanocrystals is quasi-spherical with a mean size less than 5 nm.

The *I*-*V* characteristics of the organic/inorganic electrically bistable devices based on hybrid Ag~2~S/PVK nanocomposites are shown in Fig. [2a](#Fig2){ref-type="fig"}, which are measured in air and in N~2~ atmosphere under the sweeping voltage from −15 to 0, 0 to15, 15 to 0, and 0 to −15 V, respectively. As shown in Fig. [2a](#Fig2){ref-type="fig"}, an obvious electrical bistability is observed when the device is measured in air, but the magnitude of the electrical hysteresis becomes smaller when it is measured in N~2~. This indicates that the measurement atmosphere has a significant effect on the electrical bistability of the hybrid bistable device. To study the retention ability of the hybrid Ag~2~S/PVK electrically bistable device, a sweeping voltage sequence of (10, −1, −10, −1 V) was applied to the device to simulate the "write-read-erase-read" process, which is measured in air. As shown in Fig. [2b](#Fig2){ref-type="fig"}, little change of OFF current and a slight degradation of ON current are observed; thus, the ON/OFF current ratio exhibits a slight degradation after operating about 1000 cycles, which indicates a reliable retention performance of the electrically bistable devices in ambient condition \[[@CR17]--[@CR19]\].Fig. 2**a** *I*-*V* curve of the bistable device measured in air and N~2~ atmosphere. **b** Retention ability of the bistable devices under the sweeping voltage sequence of (10, −1, −10, 1 V) which represent the "write-read-erase-read" process

To further study the oxygen effects on the electrical bistability of the hybrid Ag~2~S/PVK nanocomposites, the *I*-*V* characteristics of the hybrid Ag~2~S/PVK bistable device were measured in different environmental atmospheres with different oxygen concentrations, and the corresponding *I*-*V* curves are shown in Fig. [3a](#Fig3){ref-type="fig"}. An electrical hysteresis behavior is clearly observed in the *I*-*V* curves of the electrically bistable devices measured in the atmosphere of different oxygen concentrations. The magnitude of the *I*-*V* hysteresis is enhanced with the increase of oxygen concentrations, which confirms that the oxygen concentration is important for the electrical bistability. To further study the current response of the hybrid Ag~2~S/PVK bistable device under different gaseous atmospheres, we monitor the current of ON and OFF states of the bistable device under the sweeping voltage sequence of (10, −1, −10, 1 V) by applying a sprayer to output N~2~ to the surface of the device, and the current variation of the ON and OFF states of the device in a stable period is depicted in Fig. [3b](#Fig3){ref-type="fig"}. As stated in Fig. [2b](#Fig2){ref-type="fig"}, the current of the ON and OFF states remains almost stable in the first 1000 cycles under the sweeping voltage sequence of (10, −1, −10, 1 V) measured under ambient condition. Surprisingly, it can be seen in Fig. [3b](#Fig3){ref-type="fig"} that the current of the ON state drops immediately when the device is measured under N~2~ flow, while the current of the OFF state increases slightly. Thus, the ON/OFF current ratio decreases greatly to a single digit. In contrast, the current of the ON and OFF states can be recovered when the N~2~ flow is removed. This process is operated about 500 cycles, and such a similar phenomenon is repeatable. Such a trend of the current variation is consistent with the *I*-*V* results under the different O~2~ concentrations shown in Fig. [3a](#Fig3){ref-type="fig"}. All the above experimental results suggest that the performance of hybrid organic/inorganic bistable devices based on Ag~2~S/PVK nanocomposites is very sensitive to oxygen, which may hold a potential application in gas sensor.Fig. 3**a** *I*-*V* curves of the bistable devices measured under different O~2~ concentrations. **b** Current response of ON and OFF states under N~2~ and air flow

To further demonstrate the oxygen effects on the current of the ON and OFF states of the hybrid electrically bistable device, the current variation of the ON and OFF states measured under different atmospheres is given in Fig. [4a, b](#Fig4){ref-type="fig"}, respectively. As shown in Fig. [4a](#Fig4){ref-type="fig"}, it can be seen that the current of the ON state is decreased with the decrease of O~2~ concentrations, in which the highest current of the ON state can reach up to 5 × 10^−4^ A under an air atmosphere. In contrast, the current of the OFF state increases with the decrease of oxygen concentration, and the current of the OFF state is as high as 1.6 × 10^−4^ A under N~2~ atmosphere. Therefore, the oxygen concentrations have an important effect on the current variation of the ON and OFF states, which thus leads to the variation of the ON/OFF current ratios.Fig. 4Current variation of the bistable devices measured under different atmospheres for **a** ON states and **b** OFF states

In order to get a further understanding of the conducting mechanism of the electrically bistable devices based on hybrid Ag~2~S/PVK nanocomposites measured under different atmospheres, the data fitting of the *I*-*V* characteristics for the devices has been performed by using the following three theoretical models of organic electronics: the thermal emission (TE) model, space-charge-limited-current (SCLC) model, and Ohmic conduction model, which are typically used for studying the carrier transport of organic devices \[[@CR20]--[@CR24]\]. Figure [5a, b](#Fig5){ref-type="fig"} shows the experimental *I*-*V* results and the corresponding fitting results for the OFF states in the positive voltage regions. As shown in Fig. [5a](#Fig5){ref-type="fig"}, the *I*-*V* characteristics can be well fitted by using the TE model in the voltage region of 0--4 V, and a linear relationship between log *I* and *V*^1/2^ is obtained in the devices measured under different atmospheres \[[@CR20]\]. This indicates that the carrier transport at the relatively low voltage region can be dominated by the thermal emission of the charge carrier over the interfacial barrier between the electrode and the active layer. As the sweeping voltage increases from 4 to 15 V, the log *I*-log *V* characteristics of the devices measured under different atmospheres shown in Fig. [5b](#Fig5){ref-type="fig"} exhibit a linear relationship with a similar slope in the range from 4.1 to 4.7, which is consistent with a trap-controlled SCLC (TC-SCLC) model (*I*∝*V*^*α*^, *α* \> 2) \[[@CR21], [@CR22]\]. It should be noted that the slope of the device is measured in the O~2~ concentration of 3 % and air is higher than that of the device measured under other two different atmospheres. This indicates that the number of the carriers injected into the Ag~2~S/PVK layer is increased greatly when the sweeping voltage is higher than a certain voltage, and the electrons can be captured by the traps of the Ag~2~S nanocrystals with an exponential distribution in the forbidden gap, in which a large number of sulfur vacancies formed on the surface of Ag~2~S nanocrystals act as the charge traps \[[@CR25]\]. When the devices are measured in the presence of air, the molecular oxygen may react with the sulfur vacancies to form a bridging oxide dimer to act as a potential barrier around the Ag~2~S nanocrystals \[[@CR26], [@CR27]\]. Thus, the number of the injected carriers trapped by the barrier may be increased, which is responsible for the high slope of the fitting line of the devices measured in air.Fig. 5Experimental results (*open scatter*) and the theoretical fitting results (*solid line*) of the *I*-*V* characteristics of the bistable devices measured under different atmospheres in different positive voltage regions. **a** Linear relationship between log *I* versus *V* ^1/2^ in the voltage region of 0--4 V (*OFF state*); linear fitting in a double logarithmic plot in the region of **b** 4--15 V (*OFF state*), **c** 5--15 V (*ON state*), **d** 0--5 V (*ON state*)

When a reverse sweeping voltage is applied to the device, the conducting states switch from OFF state to ON state, and the corresponding experimental and fitting *I*-*V* results are depicted in Fig. [5c, d](#Fig5){ref-type="fig"}. Two different linear fitting regions in a double logarithmic plot are obtained in the sweeping voltage from 15 to 0 V for the ON state. As shown in Fig. [5c, a](#Fig5){ref-type="fig"} distinct linear relationship between log *I* and log *V* with a slope of 2.4 is observed in the device measured in the air for the sweeping voltage range from 15 to 5 V, indicating the electrical conduction is dominated by the SCLC process in the voltage region. In contrast, the slope of the device measured under three different atmospheres is in the range of 3.2--4, indicating that the TC-SCLC process dominates the carrier transport of the device in the relatively low O~2~ concentration and N~2~ in this voltage region. The electrical conduction of the device measured in air changes from TC-SCLC to SCLC, suggesting that the number of the injected carriers is decreased as some trapped carriers are released from the Ag~2~S nanocrystals due to the breakdown of the oxide dimer, and some other carriers are still trapped by the dodecanethiol-capped Ag~2~S nanocrystals. Moreover, with the sweeping voltage decreasing from 5 to 0 V, the slope of the linear fitting of the device measured in air is decreased from 2.4 to 1.4 (Fig. [5d](#Fig5){ref-type="fig"}), indicating that the carrier transport changes from the TF-SCLC model to Ohmic conduction \[[@CR23]\], and this behavior may be attributed to the formation of conduction filament which acts as a resistor with a low resistivity \[[@CR28], [@CR29]\]. However, the slope of the fitting line remains in the range of 2.0--2.3 for the device measured in the relatively low O~2~ concentration and N~2~ atmosphere, which suggests that the electrical conduction is governed by the TF-SCLC model in this voltage range. The aforementioned theoretical fitting results indicate that the electrical conduction of the device for the OFF state is mainly governed by the TE model in the low voltage region and TC-SCLC model in the relatively high voltage region when it is measured under different gas atmospheres. After the conduction state switches from OFF state to ON state, the electrical conduction of the device measured in air is very different from that of the device measured in the low O~2~ concentration and N~2~. This indicates that the oxygen concentration has an important effect on the carrier transport of the device for the ON state.

Conclusions {#Sec4}
===========

In summary, an electrically bistable devices based on hybrid Ag~2~S/PVK nanocomposites was fabricated by using a simple solution process technique. The *I*-*V* characteristics of the device measured in different atmospheres with different oxygen concentrations exhibited electrical bistable behaviors, and the current of ON state and OFF state showed a strong dependence on the oxygen concentration. The conducting and carrier transport mechanisms of the device were studied by using different theoretical models of organic electronics, and the electrical conduction of the device measured in air for the ON state was very different from that of the device measured in low oxygen concentrations. The device may have potential applications both in the industry of gas sensor and memory storage due to its high level of sensitivity to the environmental oxygen and two distinctive resistive conducting states.
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